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Abstract 

We investigate photoproduction of rj mesons off protons and neutrons within a coupled-channels 
effective-Lagrangian method which is based on the K-matrix approach. The two-body final chan- 
nels included are vrA^, i]N, (j)N, pN, 'jN, KA, and KT,. Non-resonant meson-baryon interac- 
tions are included in the model via nucleon intermediate states in the s- and u-channels and 
meson exchanges in the t-channel amplitude and the n-channel resonances. The nucleon reso- 
nances 5ii(1535), 5ii(1650), S3i(1620), Pii(1440), Pii(1710), Pi3(1720), ^33(1232), ^33(1600), 
Di3(1520), Di3(1700), and 1533(1700) are included explicitly in calculations. Our model describes 
simultaneously the available data as well on total and differential cross sections as on beam and 
target asymmetries. This holds for the 7p r]p reaction for photon energies ranging from very 
close to threshold to up to 3 GeV. The polarization observables show strong sensitivity to res- 
onances that otherwise contribute only weakly to the total cross section. It is found that the 
pronounced bump-like structure seen in the excitation function of the jn rjn cross section at 7 
energies around 1 GeV, can be explained by the interference effects of ^n, Pu and P13 resonance 
contributions. 

PACS numbers: 13.60.Le, 13. 75. Cs, 11.80. -m, 12.40. 
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I. INTRODUCTION 



It is well established that nucleons have a rich excitation spectrum which reflects their 
complicated multi-quark inner dynamics. The determination of properties of the nucleon 
resonances (e.g., their masses, widths, and coupling constants to various decay channels) 
is an important issue in hadron physics. This will provide the benchmark for testing the 
predictions of lattice quantum chromodynamics (LQCD) which is the only theory which 
tries to calculate these properties from first principles l|]. Even though, the requirement 
of computational power is enormous for their numerical realization, such calculations have 
started to provide results for nucleon properties for its ground as well as excited states 
Furthermore, reliable nucleon resonance data are also important for testing the "quantum 
chromodynamics (QCD) based" quark models of the nucleon (see, e.g., [4, ISj) and also the 
dynamical coupled- channels models of baryonic resonances 6j. 

Experimental determination of baryonic resonance properties proceeds indirectly by ex- 
citing the nucleon with the help of a hadronic or electromagnetic probe and performing 
measurements of their decay products (mesons and nucleons). The reliable extraction of 
nucleon resonance properties from such experiments is a major challenge. Description of 
intermediate-energy scattering is still too far away from the scope of the LQCD calcula- 
tions. Therefore, at this stage the prevailing practice is to use effective methods to describe 
the dynamics of meson production reactions. Such methods include explicit baryon reso- 
nance states, whose properties are extracted by comparing the prediction of the theory with 



the experimental data 
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In order to determine resonance properties reliably from the experimental measurements 
one requires a model that can analyze the different reactions over the entire energy range 
using a single Lagrangian density that generates all non-resonance contributions from Born, 
u- and t-channel contributions without introducing new parameters. At the same time, the 
Lagrangian should also satisfy the symmetries of the fundamental theory (i.e. QCD) while 
retaining only mesons and baryons as effective degrees of freedom. Conformity with chiral 
symmetry is known to be important for low energy pion-nucleon physics. 

A way to analyze simultaneously all reaction data for a multitude of observables in 
different reaction channels while respecting the constrains described above, is provided by a 
coupled-channels method within the K-matrix approach [l3, 1^, 1^, 



16 
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181]. This method 
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is attractive because it is based on an effective-Lagrangian framework that is gauge invariant 
and is consistent with chiral symmetry. It also provides a convenient way of imposing the 
unitarity constraint. This results from the Bethe-Saltpeter equation in the approximation 
where only the discontinuity part of the loop integral is retained i.e, the particles forming 
the loop are taken on the mass shell. The S matrix in this approach is unitary provided the 
K-matrix is taken to be real and Hermitian. 

Alternatively, the dynamical coupled channels models within the Hamiltonian formalism 
have also been used to describe the meson-production reactions 19|, l20|, l2]|. A relativistic 
chiral unitary approach based on a coupled-channels prescription has been used in Ref. 22 1 
to calculate cross sections for r] photoproduction. This reaction has also been studied in 



chiral perturbation theory 



and in the chiral constituent-quark model 



24|. 



In this paper we investigate photoproduction of the rj meson which is the next lightest 
non- (open) strange member in the meson mass spectrum. This is a subject of considerab 
interest. It can be used to probe the ss component in the nucleon wave function 25|. 



There is also interest in measuring the rare decays of t] mesons which could provide a new 
rigorous test of the standard model 26[ or even of the physics beyond this. The nucleon 
resonance A^*(1535) [5*11(1535)] with spin-|, isospin-^, and odd parity, has a remarkably 
large r]N branching ratio. It lies only about 50 MeV above the Nt] production threshold, 
and contributes dominantly to the photoproduction amplitude at energies close to threshold. 
Thus this reaction is an ideal tool to study the iV*(1535) resonance which has been the 
subject of some debate recently (see, e.g., [27|). The attractive nature of the ?7-nucleon 



interaction may lead to the formation of bound (quasi-bound) ?7-nucleus states (see, e.g., [28 
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Photoproduction reactions provide a sensitive tool to study baryonic resonances. Apart 
from giving information which is complementary to that extracted from the studies of 
hadronic reactions, it gives access to additional information about the weakly excited reso- 



nances through the polarization observables 33|. The t] meson has zero isospin (/), hence 



the TjN final states can only be reached via excitation of / = | resonances (A^*). This is in 
contrast to the vrA^ channel where both I = \ and I = \ intermediate states are possible. 
Thus even if a resonance has only a small coupling to the rjN channel, it is identified as a 
N* state. 

With the advent of new high-duty-cycle electron accelerators and intense photon sources 



3 



with sophisticated detectors, a rich variety of very precise data have been accumulated on 
total and differential cross sections and beam and target asymmetries for rj meson photopro- 



duction off the free proton 
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. For a comprehensive 
. The eta- Maid and 



review of the data up to 2003 and their interpretations, we refer to 

partial wave analyses 46|] of these data reveal that while the cross sections are dominated by 
the excitation of the Sii(1535) resonance in the threshold region and by the Pi3(1720) res- 
onance at higher photon energies, beam and target asymmetries are sensitive to the weakly 
excited Di3(1520) and Pii(1710) resonances via interference with the strongly excited ones. 
Extensive measurements have also been performed for the rj meson production on a 



deuterium target 35|, |47|, |48|, |49|, |50|, l5l| • These data have provided useful information on the 
isospin structure of electromagnetic excitations of the 511(1535) resonance and have led to 
the determination of the '-/n ^ rjn / '-fp ^ r]p cross-section ratio. An interesting observation 
of the data on the (quasi-free) neutron is that the corresponding excitation function of the 
total cross section shows a bump-like structure around photon energies of 1 GeV - such 
a bump is not seen in the proton case. This bump structure has been explained either in 
terms of the presence of a Di5(1675) resonance with an unusually large branching ratio for its 
decay to the rjN channel Qjor due to coupled channels effects involving Sii(1535), Sii(1650) 
and P 11 (1710) resonances 



52l | within a coupled-channels effective Lagrangian model. In the 



latter approach, contributions of spin-| resonances are found to be negligibly small. In an yet 
another explanation, it has been suggested that this bump may be a signal of the existence 
of a relatively narrow (width < 30 MeV) baryonic state with mass around 1.68 GeV 5^, 53|. 

The main objective of this paper is to study photoproduction of t] mesons on the bare pro- 
ton and neutron for photon energies ranging from threshold to 3 GeV in a coupled-channels 
formalism which is based on the K-matrix approach. This is an effective Lagrangian model 
which is gauge invariant and obeys the low-energy theorem. We aim at describing simultane- 
ously the data on total and differential cross sections and beam and target asymmetries. As 
described above the data base on rj photoproduction has been enhanced appreciably during 
recent times. It is a challenge to any theoretical model to describe all the available data 
within one framework. 

We would like to add that our work, in a way, supplements the coupled-channels effective- 



Lagrangian model calculations of this reaction presented within the Giessen model 



12|. 



Although the two approaches are similar in physics contents, they differ in some details. An 
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important difference lies in the inclusion of reaction channels leading to states outside the 
model space. The Giessen model parameterizes the 2TrN final state, as enters for example in 
the 211 N reaction, by an effective ^A^ state, where ^ is an isovector scalar meson with 

mass = 2m^. In our model the coupling to states outside the model space is taken into 
account by allowing for an energy dependent decay width to these states in the propagators 
for the different resonances. Another important difference lies in the choice of contact terms 
and form factors. As shown in Ref 16| contact terms in photo-induced reactions, which 



are magnetic in origin, are not important at low energies but have a considerable effect at 
higher energies. A more minor difference is that in the present calculation we have chosen to 
exclude spin-| resonances from our study as their contributions are shown 52|] to be almost 
negligible to r] photoproduction in comparison to those of the dominant lower-spin states. 
Unlike the Giessen work we have not performed a full blown fitting of all the available 
7A^ — i> TiN data. Rather, we have used the parameter set obtained in a previous work within 

nn 

our model pj|, 118[ and have made adjustments in some of them so as to describe the rjN 
channel. 

Our paper is organized in the following way. An overview of our model is given in section 
II. This consists of a short discussion of the K-matrix formalism, the model space and the 
channels included, the Lagrangians and the form factors. Our results and a discussion 
thereof are presented in section III. Summary and conclusions of our work is presented in 
section IV. 



II. DESCRIPTION OF THE MODEL 

This work is based on an effective-Lagrangian model. The kernel in the K-matrix approach 
is built by using the effective Lagrangian which is given in Appendix A. We have taken into 
account contributions from (i) the nucleon Born term, (ii) t-channel exchanges of mesons, 
(iii) nucleon and resonance terms in the u-channel, and (iv) baryonic resonance in the s- 
channel (see Fig. 1). The sum of amplitudes (i), (ii) and (iii) is termed as the background 
contribution in the following. As is discussed below, this approach allows to account for 
coupled-channels effects while preserving many symmetries of a full field-theoretical method. 
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FIG. 1: [color online] Feynman diagrams included in this work. First row: s- and u-channel 
diagrams with propagating final state baryons (B = N, A, S) or intermediate state resonances (A, 
N*). M stands for the mesons included in the model space. Second row: t-channel contributions 
with propagating asymptotic and intermediate mesons, and the contact term required by the gauge 
invar iance. 



A. K-matrix model 



The coupled- channels (or re-scattering) effects are included in our model via the K-matrix 
formalism. In this section we present a short overview of this approach; a more detailed 



description can be found in Refs. Q, ll6|, 15^, l55 |. 



n 



In the K-matrix formalism the scattering matrix is written as 

It is easy to check, that the resulting scattering amplitude 5 = 1 + 2iT is unitary provided 
that K is Hermitian. The construction in Eq. ([1]) can be regarded as the re-summation of 
an infinite series of loop diagrams by making a series expansion, 

T= K + «KK + «2KKK + --- . (2) 

The product of two K- matrices can be rewritten as a sum of different one- loop contributions 
(three- and four-point vertex and self-energy corrections) depending on the Feynman dia- 
grams that are included in the kernel K. However, not the entire spectrum of loop corrections 
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TABLE I: Baryon states included in the calculation of the kernel with their coupling constants. 
The column labeled WD lists the decay width to states outside the model space. The columns 
labeled M and WD are in units of GeV. See text for a discussion on the signs of the coupling 



constants. 



T,T T 


M 


WD 


9Nn 




a' 




-,2 


9k A 


Qkt. 




N 


0.939 


0.0 


13.47 










12 


8.7 


0.85 


A 


1.116 


0.0 




















1 1 Qfl 

l.loy 


U.U 


















5ii(1535) 


1.525 


0.0 


0.6 


-0.60 




0.5 




0.1 


0.0 


2.2 


5ii(1650) 


1.690 


0.030 


1.0 


-0.45 




-0.45 




-0.1 


0.0 


-0.8 


531(1620) 


1.630 


0.100 


3.7 


-0.12 




-0.12 






-0.8 




Pii(1440) 


1.520 


0.200 


5.5 


0.65 




0.65 




0.0 


-2.0 


0.0 


Pii(1710) 


1.850 


0.300 


3.0 


0.25 




-0.8 




0.0 


-3.0 


2.0 


Pi3(1720) 


1.750 


0.300 


0.12 


-0.75 


0.25 


-0.25 


0.05 


-0.035 


0.0 


0.12 


^33(1230) 


1.230 


0.0 


1.7 


-2.2 


-2.7 


-2.2 


-2.7 




0.0 




P33(1600) 


1.855 


0.150 


0.0 


-0.4 


-0.6 


-0.4 


-0.6 




0.55 




£113(1520) 


1.515 


0.050 


1.2 


2.6 


2.5 


2.6 


2.5 


2.0 


0.0 


1.2 


Di3(1700) 


1.700 


0.090 


0.0 


-0.5 


0.0 


-0.5 


0.0 


0.0 


0.3 


-0.04 


1)33(1700) 


1.670 


0.250 


0.8 


1.5 


0.6 


1.5 


0.6 




-3.0 





present in a true field-theoretical approach, is generated in this way and the missing ones 
should be accounted for in the kernel. In constructing the kernel, care should be taken to 
avoid double counting. For this reason we include in the kernel tree-level diagrams only [Figs 
l(a)-l(c)], modified with form-factors and contact terms [Fig. 1(d)]. The contact terms (or 
four-point vertices) ensure gauge invariance of the model and express model-dependence in 
working with form factors (see Section [In|) . Contact terms and form factors can be regarded 
as accounting for loop corrections which are not generated in the K-matrix procedure, or for 
short-range effects which have been omitted from the interaction Lagrangian. Inclusion of 
both s- and w-channel diagrams [Figs 1(a) and 1(b), respectively] in the kernel insures the 
compliance with crossing symmetry. 

To be more specific, the loop corrections generated in the K-matrix procedure include 
only those diagrams which correspond to two on-mass-shell particles in the loop 0, 57]. 
This is the minimal set of diagrams one has to include to ensure two-particle unitarity. 
Not included, thus, are all diagrams that are not two particle reducible. This excludes the 
'-)N — > 2ttN channels from the realm of our model. In addition, only the convergent pole 
contributions i.e. the imaginary parts of the loop correction, are generated. The omitted real 
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parts are important to guarantee analyticity of the amplitude and may have comphcated 
cusp-hke structures at energies where other reaction channels open. In principle, these can 
be included as form factors as is done in the dressed K-matrix procedure 56|, |58|. For 
reasons of simplicity we have chosen to work with purely phenomenological form factors in 
the present calculations. An alternative procedure to account for the real-loop corrections is 
offered by the approach of Ref. 59| which is based on the use of a Bethe-Saltpeter equation. 



This approach was recently extended to kaon production in Ref. 
approach is the one discussed in Ref. 



60|]. Another possible 



6l| which is based on an N/D expansion of the T 



matrix combined with a dispersion-integral approach. 

The strength of the K-matrix procedure is that in spite of its simplicity, several symmetries 



are obeyed by it 



541 ]. As was already noted the resulting amplitude is unitary provided 



that K is Hermitian, and it obeys gauge invariance provided the kernel is gauge- invariant. 
In addition, the scattering amplitude complies with crossing symmetry when the kernel is 
crossing symmetric. This property is crucial for a proper behavior in the low-energy limit 57|, 



621 ] of the scattering amplitude. Coupled- channels effects are automatically accounted for 



by this approach for the channels explicitly included into the K-matrix as the final states. 

As a result of this channel coupling, the resonances generate widths which are compatible 
with their decays to channels included in the model space. For some resonances, such as the 
A and the 5*11(1535), this corresponds to their total width. Other resonances, particularly 
the high lying ones, may have important decay branches to states that are not included in 
the model basis. To account for this in our calculations, we have added an explicit dissipative 
part to the corresponding propagators. The magnitudes of these widths are equivalent to 
decay widths of the resonances to states outside of our model space. 

The resonances which are taken into account in building the kernel are summarized in 
Table [H In the current work we limit ourselves to the spin-| and spin-| resonances as in this 
energy regime higher spin resonances are known 52| to give only a minor contribution to the 
TjN channel which is of primary interest here. Spin | resonances are included with so-called 
gauge-invariant vertices which have the prop erty that the coupling to the spin-| pieces in 



the Rarita-Schwinger propagator vanish 



56 



3- 



We have chosen this prescription since it 



reduces the number of parameters as we do not have to deal with the off-shell couplings. 



The effects of these off-shell couplings can be absorbed in contact terms 
certainly within the context of the present work. 



651 ] which we prefer, 
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TABLE II: Mass, spin, parity and isospin of the mesons which are included in the model. The 
rightmost column specifies in which reaction channels their t-channel contribution are taken into 
account. 
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The masses of the resonances given in Table U are bare masses and they thus may deviate 
from the values given by the Particle Data Group 6^ ■ Higher-order effects in the K- matrix 
formalism do give rise to a (small) shift of the pole-position with respect to the bare masses. 
The masses of very broad resonances, in particular the Pu, are not well determined - values 
lying in a broad range (typically a spread of the order of a quarter of the width) give 
comparable results. The width quoted in Table [T] corresponds to the partial width for decay 
to states outside our model space. The parameters as quoted in Tabledare mostly unchanged 
as compared to those presented in previous calculations within this model 16|, llSl]. It should 
however, be noted that values of the coupling constants for the electromagnetic vertices in 
Ref. [l^ were given after multiplying them (mistakenly) by a factor of 2. This has not 
been done in Table [H The t-channel contributions which are included in the kernel, are 
summarized in Table HTl 

In the present calculation all primary coupling constants to the nucleon have been chosen 
to be positive. In particular, the sign of Qnka deviates from the customary negative value [67 1 
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(see Table [T]). In a calculation like ours and many of those cited in Ref. [67| this sign is 
undetermined. Changing the sign of all coupling constants involving a single A-field leaves 
the calculated observables invariant since it corresponds to a sign redefinition of this field. In 
weak decay the ratio of the vector to axial-vector coupling does correspond to an observable. 
The magnitudes of the couplings are within the broad range specified in 67 1. 



B. Model space, channels included 

To keep the model manageable and relatively simple, we consider only stable particles or 
narrow resonances in two-body final states which are important for ?7-meson photoproduc- 
tion. The KK, Si^, Nip, Nt] and N'y are the final states of primary interest, and the A^vr 
final state is included for its strong coupling to most of the resonances. Three-body final 
states, such as 2'kN, are not included explicitly for reasons of simplicity. Their influence on 
the width of resonances is taken into account by assigning an additional (energy dependent) 



width to them 14|. To investigate the effects of coupling to more complicated states, we 



have also included the Np final state. As was shown in Ref. [16|, inclusion of the p channel 
has a strong influence on the pion sector but only a relatively minor effect on A and S 
photoproduction. 

The components of the kernel which couple the different non-electromagnetic channels 
are taken as the sum of tree-level diagrams, similar to what is used for the photon channels. 
For these other channels no additional parameters were introduced and they thus need no 
further discussion. 



III. FORM-FACTORS & GAUGE RESTORATION 

A calculation with Born contributions, without the introduction of form factors, strongly 
overestimates the cross section at higher energies. Inclusion of coupled-channels effects 
reduces the cross section at high energies; however not sufficiently to produce agreement with 
the experimental data, and one is forced to quench the Born contribution with form factors. 
There are two physical motivations for introducing form factors (or vertex functions) in our 
calculation. First of all, at high photon energies one may expect to become sensitive to the 
short-range quark structure of the nucleon. Because this physics is not included explicitly in 
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our model, we can only account for it through the introduction of phenomenological vertex 
functions. The second reason has to do with the intermediate-range effects because of 
meson-loop corrections which are not generated through the K-matrix formalism. Examples 



of these are given in Refs. 
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In our approach as well as that of Ref. [15|, the form-factors are not known a priori 
and thus they introduce certain arbitrariness in the model. In the current paper we limit 
ourselves to dipole form-factors in s-, u-, and t-channels because of their simplicity, 

-|- (s — m"')^ 

where m is the mass of the propagating particle and A is the cut-off parameter. For ease of 
notation we introduce the subtracted form factors 

Us)=^-^^, (4) 
s — 

where Fm{s) is normalized to unity on the mass-shell, Fm{m?) = 1, and fmifn^) is finite. 

However, only in the kaon sector we use a different functional form for the w-channel 
form-factors 

Hrn{u) = 7 , ""^^ , , . (5) 

(^A^ + [u — mP'Yjm? 

The argumentation for this different choice is presented in the discussion of the S- 
photoproduction results in Ref. 1^. Often a different functional form and cut-off values 
are introduced for t-channel form factors. Although this can easily be motivated, it intro- 
duces additional model dependence and increases the number of free parameters. To limit 
the overall number of parameters we have taken the same cut-off value (A = 1.2 GeV^, see 
Eq. ([3])) for all form-factors except for Born contributions in kaon channels where we used 
A = 1.0 GeV^. 

Inclusion of form-factors will in general break electromagnetic gauge-invariance of the 
model. Therefore, a gauge- restoration procedure should be applied. In Ref. [l^, the impli- 
cations of various gauge-restoration procedures was studied for the 7p KT, amplitude. It 
was observed that the gauge-invariance restoration procedure is model dependent which may 
give rise to strongly different Born contributions to the amplitude. Therefore, the choice 
of a procedure to be adopted is guided by its ability to describe the experimental data. It 



was found that the gauge-restoration procedure of Davidson and Workman 



68| provided 
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the best description of the data on the KTi photoproduction. We have used this procedure 
in the present work also. 

We note that fitting the pion-scattering and pion-photoproduction amphtudes fixes 
masses as well as pion- and photon-coupling constants for most of the resonances. This 
limits strongly the number of free parameters for the kaon-production channels. 



IV. RESULTS AND DISCUSSIONS 



Our main aim in this paper is to use the comprehensive data base of the ?7-meson pro- 
duction to check various ingredients and input parameters of our unitary coupled-channels 
field theoretic model of meson production in photon induced reactions on nucleons. The re- 
quirement of a simultaneous fit to data for a multitude of observables is expected to provide 
a strong constraint on the values of the model parameters. It is also likely to highlight the 



role of channel couplings in various regions of photon energies because severa' 



46 



calculations 
6c 



of ?7-meson photoproduction reactions have neglected these effects 

We emphasize however, that even the large experimental data base may not allow to fix 
the extracted parameters uniquely within the unitary coupled-channels effective-Lagrangian 
model 15| . This is due to the fact that it is necessary to include empirical form factors in the 



model to regularize the amplitudes at higher energies. These form factors require a gauge- 
invariance restoration procedure which involves ambiguities. Nevertheless, confronting the 
model with a large data base is expected to provide a means to overcome this problem. 



The parameters in the model have been adjusted [18| to reproduce the Virginia Tech 
partial wave amplitudes of Arndt et al. 7l|. In Fig. 2 we present a comparison of our 
calculated pion-nucleon S-, P-, and D-wave amplitudes for isospins 1=1/2 and 3/2 channels 
with those of the FA08 single-energy partial wave amplitudes of Ref 7l| . The corresponding 
results for pion photoproduction and the Compton scattering are given in Ref. 13]. We see 
that both real and imaginary parts of the pion-nucleon scattering amplitudes are described 
well although some differences start to show up at the upper limit of the energy range 
considered. 

The data for t] meson photoproduction consist of total and differential cross sections 



measured at CB-ELSA at Bonn 



41 



42| on the proton, for photon energies ranging from 



0.750 GeV to 3 GeV. These data, therefore, cover not only the entire resonance region 
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FIG. 2: [color online] The real (solid lines) and imaginary (dotted lines) pion-nucleon 5-, and 
D-wave amplitudes. The curves represent the results of our calculations while open circles and 



crosses are the results of Virginia Tech single-energy partial wave FA08 analysis 



but also the region where the background contributions (t-channel amphtudes mainly) are 
expected to be dominant. These data are consistent with the measurements reported by 
Mainz- TAPS 35|, CLAS 39|] and GRAAL 40|, |4J] collaborations where photon energies 



go up to 0.790 GeV, 1.95 GeV and 1.1 GeV, respectively. The data on beam asymmetry 
have been taken by the CB-ELSA group for photon energies in the range of 0.800 GeV to 
1.4 GeV. In this case too there is an agreement (except for a single bin in photon energy) 



between these data and those of the GRAAL group [36|, where photon energies are in 
the range to 0.724 GeV to 1.472 GeV. One set of data on the target asymmetry (analyzing 
power) has already been reported in Ref. 37|] and more measurements are planned by the 
CB-ELSA group. 
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FIG. 3: [color online] Total cross section for the 7p rjp process as a function of 'jp invariant mass. 



The experimental data are taken from Ref. 



4l[ |. Contributions of resonances 5ii(1535), S'ii(1650), 



Pii(1710),Pi3(1720), Di3(1520), 1)13(1700) are shown by various curves as indicated in the figure. 
Also shown are the background contributions which consist of Born and u- and t-channel terms. 



Data on ?7-meson photoproduction off the neutron are not as well developed and exten- 
sive as those on the proton due to the non-availability of free neutrons as targets. In most 
cases the photoproduction is measured on the neutron bound in the deuteron by performing 
experiments on the deuterium target. In this sense the corresponding cross sections are 
"quasi-free". Calculations done for the free neutron will have to be corrected for the Fermi 
motion and other nuclear effects before comparing them with the quasi-free production data. 
This procedure is not unique because of the prescription used in unfolding the recoil momen- 
tum of the "spectator" particle. Furthermore, quasi-free cross sections are also influenced 
by off-shell and final-state interaction effects. Nevertheless, quality data are now available 
for total and differential cross sections for //-meson photoproduction off the quasi-free neu- 



trons [5l|. This also includes the ratio of the total cross sections for this reaction on the 
neutron and the proton measured under identical conditions off the nucleon bound in the 
deuteron. 

In Fig. 3, we show the contribution of various resonances to the total cross section for 
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the 7p — > rip reaction which is plotted here as a function of the 7p invariant mass W. 



The experimental data are taken from Ref. 



41| . Since data of the various experimental 



collaborations are consistent with each other, we show the data of only one group (which 
span the maximum range of photon energy, E^) on this plot. From this figure it is apparent 
that the general features of the data are described reasonably well by our calculations in the 
entire range of beam energies where data are available. It should, however, be mentioned 
that our model slightly overpredicts (underpredicts) the data for W in the range of 1.85-1.95 
GeV (2.18-2.25 GeV). Even the partial wave analysis fits to these data reported in Ref 41 | 
show signs of underpredicting the cross section for W ~ 1.85-1.95. 

We note that while contributions of the S'ii(1535) resonance dominate the cross sections 
from near threshold to W values of 1.7 GeV (corresponding to E^ ~ 1.1 GeV), those of the 
5*11(1650) and Pi3(1720) resonance are important for E-y between 0.950 GeV to 1.28 GeV and 
1.1 GeV to 2.2 GeV, respectively. In fact, omission of the 5*11(1650) resonance worsens the 
description of the data for E^ in the range of 1.0-1.2 GeV. The nori- negligible contribution 



701 ]. However, this is in 



of this resonance is consistent with the conclusions of Refs. l5^, 

n 

contrast to the partial- wave analysis results of Ref. [46|. We further note that magnitudes 
of the 1^13(1520), i5i3(1700) and Pii(1710) resonances are comparatively small in the entire 
range of photon energies. 

It should be remarked that at W ~ 1.716 GeV, there are some differences between the 



GRAAL 40|] and ELSA 41| data - there is a bump in the former around this energy which is 
almost absent in the latter. The existence of a third 5*11 resonance with a mass of 1.712 GeV 
was suggested in Ref. 2J] from the analysis of the preliminary GRAAL data. Very recently, 
calculations performed within a constituent quark model show that the inclusion of the third 
5*11 resonance with a slightly higher mass of 1.730 GeV, improves the agreement with the 



differential cross section and beam asymmetry data at some angles 



72|. We, however, have 



chosen not to inc 
done in Refs 



ude a third 5*11 resonance in this work which is in line with the calculations 
521 ]. Anyhow, in principle it is straight forward to include this resonance 
into our analysis which we propose to do in a future study. 

Total cross sections beyond 2 GeV are almost solely governed by the contributions of 
the background terms which are dominated by the t-channel diagrams. In this region all 
resonance contributions are small and comparable to each other. The vector meson (p and u) 
exchange terms give the largest contribution to the t-channel amplitudes. The importance of 
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FIG. 4: [color online] Differential cross section for the -yp ijp process as a function of the cosine 
of the 1] cm. angle for 36 photon energy bins. The energy bin is indicated in each graph in GeV. 
The experimental data are taken from Ref. 41 1. 



this mechanism in the pion- and pho ton- induced rjN production, was already emphasized in 



the first coupled- channels model 



731] for these reactions. There is some indication of a small 



bump like structure in the data for W around 2.2 GeV which might indicate the presence 



of a resonance in this region. The partial-wave analysis of these data 



461 ] does include a 
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FIG. 5: [color online] Contributions of various resonance terms to the differential cross sections 
of the jp — > r]p process as a function of the cosine of the rj cm. angle for photon energy bins of 
0.90-0.95 GeV (upper panel) and 1.20-1.25 GeV (lower panel). Various curves are explained in the 



figure. The experimental data are from Ref. 



Pi3 resonance with mass 2.2 GeV and total width of 0.360 GeV in the fitting procedure. 
However, the existence of such a resonance is not yet to find a wider support (see, e.g., 



Ref. 



66|). 



Differential cross sections (DCS) provide more valuable information about the reaction 

n 

mechanism [7^. They reflect the quantum number of the excited state (baryonic resonance) 
when the cross section is dominated by it. DCS include terms that weigh the interference 
terms of various components of the amplitude with the outgoing rj angles. Therefore, the 
structure of interference terms could highlight the contributions of different resonances in 
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FIG. 6: [color online] Beam asymmetry for the 7p i]p reaction as a function of tj cm. angle for 



15 photon energies. The experimental data are taken from Ref. 



different angular regions. For the 7p rjp reaction, DCS data exist for 36 photon energy 
bins in the range of 0.750 GeV to 3.0 GeV covering a wide range of rj center of mass (cm.) 
angles 4l|]. In Fig. 4, we compare the results of our calculations for the angular distributions 
with these data. We see that while our model describes the general trends of the data well 
in the complete energy region, a few specific details of the data are missed for some energy 
bins in the region of 1.0-1.60 GeV. For example, the curvature of the data is not reproduced 
by our calculations at middle angles for the photon energy bins lying between 1.0-1.25 GeV. 
There is a overprediction of the data at very forward angles for energy bins between 1.40-1.60 
MeV. 

Although individual contributions of the Di^ and P13 resonances to the total cross sec- 
tion are rather small for < 1.0 GeV, their interference with the dominant Su resonance 
amplitudes are vital for describing the experimental DCS data in this energy regime. We 
demonstrate this in Fig. 5 where we show individual contributions of various resonance terms 
to differential cross sections for photon energy bins of 0.900-0.950 GeV (upper panel) and 
1.200-1.225 GeV (lower panel). For the lower energy bin, as expected, the contributions of 
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FIG. 7: [color online] Beam asymmetry for the 7p — > rjp reaction as a function of r] cm. angle 
for photon energies of 0.870 GeV, 1.051 GeV and 1.225 GeV. Solid lines show the full calculations 
where all the considered resonances and the background terms are included. The dashed and 
dashed-dotted curves are obtained when the Pi3(1720) and the Z)i3(1520) resonances are omitted, 



respectively. The experimental data are taken from the Ref. 



44|. 



5*11 resonances are almost fiat. However, inclusion of the Di^ and P13 resonances together 
with Sii is crucial for describing the data for rj angles below and above 90°, respectively. For 
the higher energy bin (lower panel), the Su and D13 resonances do not contribute much at 
forward angles - here the P13 resonance and the background terms put together reproduce 
the shapes and magnitudes of the measured DCS. The forward peaking of the angular distri- 
butions beyond 1.8 GeV reflects the dominance of the t-channel meson exchange diagrams. 



Polarization observables are more sensitive to the contributions of the resonances which 
are not dominant in the cross sections. Beam asymmetry (S^) is the measure of the az- 
imuthal anisotropy of a reaction yield relative to the linear polarization of the incoming pho- 
ton. As compared to the cross-section data this observable is less sensitive to the 5*11(1535) 
resonance even at energies close to threshold. In Fig. 6, we compare results of our calcu- 
lations for with the experimental data of Ref. 4J] which is available for 15 values of 

in the energy range of 0.724 GeV to 1.5 GeV. We note that there is an overall agree- 
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FIG. 8: [color online] Target asymmetry for the 'jp ijp reaction as a function of r] cm. angle for 
various photon energies. Solid lines are the full calculations where all the considered resonances 
and the background terms are included. Experimental data are taken from the Ref. 37l |. 



ment between our calculations and the experimental data in the complete range of photon 
energies. 

The sensitivity of individual resonances to is studied in Fig. 7 for three representative 
photon energies of 0.870 GeV, 1.051 GeV and 1.225 GeV. In each case the solid, dashed 
and dashed-dotted lines represent results of full calculations, and those obtained by ignoring 
contributions of the Pi3(1720) and 1^13(1 520) resonances, respectively. We note that at the 
near threshold photon energy of 0.870 GeV, the i5i3(1520) resonance plays a very crucial 
role - the beam asymmetry goes from its maximum value of 0.35 to almost zero if this reso- 
nance is ignored. At the larger photon energy of 1.225 GeV, contributions of the Pi3(1720) 
resonance are important since the data can not be described without including them. At the 
intermediate photon energy (1.051 GeV) both the i5i3(1520) and the Pi3(1720) resonances 
are important. Our results for the higher photon energy (1.225 GeV) are in agreement 
with those of the Bonn-Gatchina partial wave analysis 46|] as reported in Ref. 43| for the 
photon energy bin of (1.250 ± 0.050) GeV (in this reference the individual contributions of 
resonances are shown only for this bin). In contrast to this, in the eta- MAID analysis 43| . 
Sfi is insensitive to the P13 resonance at this value of E^. The crucial role of the P)i3(1520) 
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resonance in describing the beam asymmetry at lower photon energies, was demonstrated 
already in Ref. j?^. Our work establishes this in conjugation with the description of the 
experimental data for the first time. 

In Fig. 8, we have compared the results of our calculations for the target asymmetry {TA) 
with the corresponding experimental data reported in Ref. S^] . In general the predictions 
of our model are consistent with the trends seen in the data within error bars, except for 
between 0.857 GeV and 0.947 GeV where there is some incompatibility between data and 
our results. While at 0.857 GeV and 0.895 GeV the sign of the data is missed, at 0.947 GeV 
the sign change in the theoretical results occurs at somewhat higher angles in comparison 
to that of the data. In any case, the comparison between theory and data should be viewed 
in the light of the fact that the data have rather large error bars in both rj angles and Ky. 



It is worthwhile to note that our results show a qualitative similarity with those of Ref. [15 1 
even though at certain photon energies energies some differences are noticeable between the 
two calculations. 

In Fig. 9 we show TA as a function of for various rj angles. In this figure we also show 
results obtained by omitting the P13 and D13 resonance contributions from the calculations 
(shown by dotted and dashed-dotted lines, respectively). Dashed curves show results where 
both these resonances have not been included. At lower energies for all angles, the interfer- 
ence effects of the P and D resonances with the dominant ones are small. However, as 
energy increases, full results (solid lines) start deviating from those obtained by retaining 
only the Sn resonances, particularly for angles > 33°. It is to be noted that interference 
effects of both the P13 and the D13 resonances with the Su are important at higher energies 
and angles. In contrast to our study, the interference terms of the P resonances were not 



included in the analysis of Ref. 



10|. In general our full results reproduce the trends seen 



in the data for all angles except for 80° and 100° where there are discrepancies between the 
two at higher photon energies. 

The effects of channel couplings on the total cross section and beam asymmetry are 
studied in Figs. 10 and 11, respectively. In Fig. 10, we compare the results of full coupled 
channel calculations for the total cross section of the '~fp rjp reaction (solid line) with 
those obtained by switching off the channel coupling effects (this will be referred as NCC) 
(dashed line). Full calculations are the same as those shown in Fig. 3. In the NCC case, 
the amplitudes of various processes are simply added together, ignoring the modifications 



21 



>- 



0.4 
0.2 
0.0 
0.2 
Lu -0.4 
1 0.6 f- 
> 0.4 
W 0.2 
,_ 0.0 
UJ -0.2 
g -0.4 

< 0.8 
I- 

0.4 
0.0 
-0.4 



■ 1 1 ■ ■ 1 1 ■ 1 ■ ■ 1 ■ ■ 1 1 

; 33° I ; 

■ h ■ ■ 1 1 ■ 1 ■ ■ 1 ■ ■ m" 


■ 1 ■ 1 ■ ■ ■ ■ 1 ■ 1 ■ 1 1 

■ 100° ; 

i" 1 ■ 1 ■ ■ ■ ■ 1 ■ 1 ■ 1 1 


158° : 


1120° /\ 


■ 1 ... 1 ... 1 ... 1 ■ 


L'"' 

: 145° : 

'.. \ .... \ ... .~\ 



0.7 0.8 0.9 1 0.8 1.0 



1.2 



E^(GeV) 



E^{GeV) 



FIG. 9: [color online] Target asymmetry for the 7p r]p reaction as a function of photon energy 
for 7] cm. angles of 33°, 58°, 80°, 100°, 120°, 145°. Solid lines show full results (as in Fig. 8) while 
dotted and dashed-dotted curves are obtained when P13 and Di^ resonances are omitted from the 



calculations, respectively. The dashed curves resa 
excluded. The experimental data are taken from 



t when both the P13 and the D13 resonances are 



to the widths of the resonances introduced by the channel couplings. We notice that for W 
> 1.8 GeV the differences between the full and the NCC results are very small. However, 
at lower energies, the channel-coupling effects are large and are crucial for describing the 
data. In fact, at some energies, the resonance propagators can develop poles in the absence 
of channel couplings. Thus modifications introduced to the widths of the resonances due to 
channel couplings are indeed vital for reproducing the energy dependence of the experimental 
cross sections. 

In Fig. 11, we show the effect of channel coupling on the beam asymmetry as a 
function of the rj cm. angle for various photon energies. In this case too, we notice that 
channel coupling effects are vital for describing the data at lower photon energies. For < 
1.225 GeV, the in the NCC case are generally smaller and may even have wrong signs as 
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FIG. 10: [color online] Effect of channel coupling on the total cross section for th e 7P — rjp reaction 



The sohd line 



as a function of 7p invariant mass. The experimental data are taken from Ref. 
represents the results of the full coupled-channel calculations (same as that in Fig. 3) while the 
dashed line shows the one where channel coupling is switched off. 



compared to those obtained in the full model. Thus channel coupling effects are extremely 
important in describing the magnitudes and the relative signs of the beam asymmetry data. 
The reason for this lies in the fact that polarization observables are generally very sensitive 
to the imaginary parts of the amplitudes which are governed by coupling to other channels 
via the optical theorem. 

For the excitation of an isospin-^ resonance, both isoscalar and isovector components of 
the photon can contribute. In order to get information about the amplitudes corresponding 
to these components, data are needed for ?7-meson photoproduction off the neutron together 
with that off the proton. The non-existence of the free neutron target has prompted the use 
of a deuteron target to get information about the 777, rjn reaction. However, experiments 
on the deuteron provide information about the quasi-free production as the reaction takes 
place on the neutron bound in the deuteron where the Fermi motion of the nucleon inside 
the deuteron strongly influences the kinematics of the process. 



The TAPS collaboration has studied t 
ranging from threshold upto 0.820 GeV ; 



le quasi-free rj production off the neutron for 



491]. They have reported a constant ratio of 2/3 
for 7n —>■ rjn and 7J9 rjp reactions at these near threshold energies. At the GRAAL 
facility both quasi-free production reactions have been explored simultaneously in the same 



experimental run with going upto 1.6 GeV 50|. They have reported a larger value for 



this ratio. Very recently, at the Bonn ELSA facility, simultaneous measurements have been 



performed for these reactions for incident photon energies being as large as 2.5 GeV 51| 
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FIG. 11: [color online] Effect of channel coupling on the beam asymmetry for the 7p — > i]p reaction 
as a function of rj cm. angle for photon energies as indicated in each graph. Full coupled channel 
(same as that in Fig. 6) and no channel couplings results are shown by solid and dashed lines, 



respectively. The experimental data are taken from Ref. 



In this experiment data have been taken for angular distributions and total cross sections 
of the two reactions. The excitation function for ?7-meson photoproduction off the (quasi- 
free) neutron shows a pronounced bump-like structure at the invariant mass of 1.68 GeV 
(corresponding to ^ 1.1 GeV). A similar structure was also seen in the GRAAL data 50 1. 
On the other hand, such a structure is not seen in the reaction off the proton (see Fig. 3). 

As described earlier, this structure has been interpreted in altogether different ways by 
different authors. We believe that before going for more exotic explanations, conventional 
mechanisms for t] photoproduction on both the neutron and the proton should first be 
investigated in detail. Since our model provides a reasonable description of both cross 
section and polarization data for the 7p rjp reaction, it is natural to use it to describe the 
7n —>■ rjn data as well. This will help in determining the neutron helicity amplitudes of the 
relevant resonances. 

In Fig. 12, we present our results for the total cross sections of the ■yp — ^ rjp and 'jn — > rjn 
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FIG. 12: [color online] (Upper Panel) Total cross sections (crtot) for jp r]p (dashed line) and 
7?! — > ijn (full line) reactions as a function of incident photon energy. The former is the same as 
that shown by full line in Fig. 3. (Lower Panel) The ratio R of total cross sections of the 771 r]n 
and 7p r]p reactions as a function of photon energy. The data points shown in the lower panel 
have been taken from the Ref. 51 1. 



reactions (upper panel) and for their ratio (R) (lower panel) using the helicity couplings 
for resonances as shown in Table I. We note that the value of the ratio Qn-y/ Qp-y is -0.8 for 
the S*! 1(1535) resonance which is in agreement with the results of the combined theoretical 
studies of the 7p rjp and the 772 rjn reactions , 0, S, 0] and also with those 

extracted from the experimental data on the ratio of the two cross sections 49|, ImI]- In our 
study the helicity couplings of the neutron and the proton on the 5*11(1650) and Di3(1520) 
resonances are the same. However, for the Pi3(1720) and the Pii(1710) resonances they 



52|. 



differ from each other which was also the case in Ref. 

We have not put the experimental data in the upper panel of Fig. 12 because for a 
comparison between theory and the data on the quasi-free 77 production, Fermi folding of 
our calculated cross sections will have to be performed in a way similar to that implemented 
in the extraction of the experimental data. However, in the lower panel we do show the 
data which are taken from Ref. 5l|- We see that our calculations are consistent with the 



experimental observation of a bump-like structure around a photon energy of 1.1 GeV. 
Furthermore, yet another (rather broad) bump like structure is seen in the measured R at 
the photon energy of about 1.8 GeV. Our calculations are compatible with this structure 
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FIG. 13: [color online] Total cross section for the "yn rjn reaction as a function of incident photon 
energy. Contributions of the S'ii(1535), 5ii(1650), Pii(1710),Pi3(1720), I?i3(1520), i:>i3(1700) 
resonances are shown by various curves as indicated in the figure. Also shown are the background 
contributions. 



as well. Thus, interference effects of mostly 5*11(1535), 511(1650), Pii(1710), and Pi3(1720) 
resonances within a coupled channel approach can lead to the bump-like structures in the 
excitation function of rj photoproduction off the neutron around photon energies of 1.1 GeV. 
They also lead to such structures in the neutron to proton cross-section ratio. The structures 
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seen in our calculations are somewhat more pronounced than those observed in Ref. 
where they result from similar interference effects. 

The magnitude of the second peak seen in the total cross section of the 777, rjn reaction, 
is very sensitive to the values of the neutron helicity amplitudes of the Sn, Pii(1710) and 
Pi3(1720) resonances. In Fig. 13, we show the contributions of various resonant states to 
the total cross section of this reaction. We note that in the region of the second peak, the 
main contributing resonances are 5*11(1535), 5ii(1650), Pi3(1720), Pii(1710) and i5i3(1520). 
Therefore, the comparison of the calculations (with Fermi folding) with the data on the total 
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production cross section of this reaction will provide a check of the corresponding helicity 
amplitudes. Another interesting aspect of this figure is that there is a strong negative 
interference among the resonances at lower photon energies. In this region the S'ii(1535), 
5*11(1650), and Z^i3(1520) resonances are most relevant. Therefore, the data can be used to 
get further constraints on the helicity amplitudes of these three resonances. 

As noted in case of the 7p rjp reaction, the differential cross sections provide a more 
stringent constraint on the contributions of even those resonances which participate only 
weakly in the total cross section. Data are also reported in Ref. 5l| on differential cross 
sections of the '-fn rjn reaction. In Fig. 14, we show results of our calculations for 
differential cross sections of this reaction at several photon energies. We have not put the 
data points in this figure as a meaningful comparison between calculations and the data 
would require the Fermi folding of the theoretical results as is stated before. However, some 
features of our results are worth noticing. For < 0.900 GeV there is a shape inversion in 
the angular distribution as compared to that observed in the case of the 7p — > rjp reaction at 
similar values of E^. This is consistent with the trend seen in the data. For E^ = 1.0 GeV 
also similar inversion effect is present in the data except for the peaking in the forward 
direction. Our calculations also have this feature. For photon energies higher than this, 
angular distributions are of similar shapes for the two reactions due to the dominance of the 
t-channel contributions in both the cases. 



V. SUMMARY AND CONCLUSIONS 



In this paper we investigated the photoproduction of rj meson off nucleons within a 
coupled-channels effective-Lagrangian approach which is based on the K-matrix method. 
Unitarity effects are correctly taken into account, since all important final channels (con- 
sisting of two-body systems vrA^, riN, (pN, pN, 'yN, KA, and KT,) are included in the K- 
matrix kernel. We build this kernel by using effective Lagrangians for the Born, n-channel, 
t-channel, and spin-^ and spin-| resonance contributions. Thus, the background contribu- 
tions are generated consistently and crossing symmetry is obeyed. The advantage of a full 
coupled-channel calculation is that it allows for the simultaneous calculation of observables 
for a large multitude of reactions with considerably fewer parameters than would be neces- 
sary if each reaction channel were fitted separately. More importantly, the implementation 
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FIG. 14: [color online] Differential cross section for the 771 — > r]n reaction as a function of the 
cosine of the r] cm. angle at several photon energies indicated in each box. 



of unitarity ensures that the imaginary parts of the amplitudes are compatible with the cross 
sections for other channels. 

We showed that it is essential to use a full coupled- channels approach to describe the 
meson-production reactions. The effects of channels coupling are not merely a smooth 
change of the energy dependence of the cross sections. In their absence, they can acquire 
structures that might be misinterpreted as resonances. The polarization observables are also 
strongly affected by these effects where omitting channels coupling leads to wrong signs. 

For r] photoproduction off the proton, our model provides a reasonable description of the 
experimental data on total and differential cross sections as well beam and target asym- 
metries for photon energies ranging from threshold to up to 3 GeV. The previous effective 
Lagrangian based coupled-channels calculations of this reaction were restricted to photon 
energies below 2 GeV. We showed that the data on differential cross sections, and beam and 
target asymmetries are very sensitive to contributions of resonances which contribute only 
weakly to the total cross sections. For these observables, the interference of these resonances 
with the dominant 5*11(1535) amplitudes is vital for describing the data even at lower photon 
energies. 
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The second peak seen in the excitation function of the total cross section for r] photo- 
production off the neutron at photon energies around 1.1 GeV can be explained by the 
interference effects of the 5*11(1535), 5*11(1650), Pii(1710) and Pi3(1720) resonances - there 
is no need to introduce an exotic narrow resonance state. We find that the ratio of the 
neutron to proton helicity amplitudes for the 5ii(1535) resonance has to be -0.8 in order 
to get the second peak in the total cross section as seen in the data. Our calculations are also 
compatible with the broad bump-like structures observed at photon energies around 1.1 GeV 
and 1.8 GeV in the ratio of total cross sections of t] photoproduction off the neutron and 
the proton. 
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APPENDIX A: EFFECTIVE LAGRANGIANS 

We list here the effective Lagrangians for various vertices, p, k, pi and —q represent 
four momenta of the initial nucleon, final meson, final nucleon and photon, respectively. 
We assume that meson momenta are directed into the vertex, so that energy momentum 
conservation reads a.s p + k = p/ — q. 
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For the nucleoli vertices the following couplings were used 



'-NNtt 

^NNri 
^NNa 
C-NNp 

^NNw 

Cnnj 



N- 



75^ 



AT 



IQNNri'^N 75*7V 



-9NNu;^N ( lpV^ + 



K 



1 + ro 



gNN(f> 

— e 

2mN 



2m]\! 



2 2mjv 



(Al) 



The parameter x controls the admixture of pseudoscalar and pseudovector components in 
the corresponding Lagrangian. Its value is taken to be 0.5. This value was obtained in our 
previous study of photoproduction of associated strangeness 16|] and has been held fixed 
in the study of all other reactions within our model. Nucleon spinors are depicted by ^> 
and meson fields by ^p. The magnetic moments are represented by n. C^^^^ generates the 
seagull or the contact term diagrams. We have followed the notations of Ref. [76 1. 
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The Lagrangians for the meson vertices are 
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The couphng constants entering into Eqs. (A.l) and (A. 2) together with baryon magnetic 
moments are hsted in Table III. 

For the 5*11, S^ijPu and P3 i resonances the hadronic couphngs are written as 



^^NR,^, = -g^NR^Rixi'^'f + (1 - x)j^^l,.{d^¥^)]'^N + H.c. 



(A3) 



where M = (m^ ± mjy), with upper sign for even parity and lower sign for odd parity 
resonance. The operator F is 75 and unity for even and odd parity resonances, respectively. 
For isovector mesons, ip in Eq. (A. 3) needs to be replaced by r • <^ for isospin-| resonances 
and by T • otherwise. 

The corresponding electromagnetic couplings are 

F 



-yNRi/i 



R 
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(A4) 



TABLE III: Parameters summary table 



9NNtt 


13.47 


9NN'q 


0.85 


9nN(t 


10.0 


9NNp 


-2.2 


9NNuj 


-3.0 


9NN4> 


-0.0 


9NAK 


12.0 


9nt,k 


8.6 


9nak* 


-1.7 


9nt,k* 


0.0 




-10.0 


gT,Ap 


10.0 


fffliKK 


-4.5 


9pKK 


-3.0 


9nKK* 


-3.26 


9r]KK* 


-3.2 


pTTTT 


6.0 


Q pTVTj 


0.0 




-0.12 




-0.10 




-0.21 




-0.12 


9^7^'y 


0.32 


9p(7y 


12.0 


9(pn'y 


0.018 


94>ril 


0.096 


Kp 


1.79 




-1.91 


KA 


-0.613 




0.79 




1.45 




-0.16 




-1.61 







where r is the resonance spinor and F'^'^ = d^A'^ — d^A^. The operator F is 1 for the 
positive parity resonance and —275 for the negative parity one. 

For spin- 1 resonances, we have used the gauge-invariant effective Lagrangians as discussed 



in Refs. 
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64 



65 



77 



. We write here the vertex functions used by us in computation 



involving these vertices. The resonance-nucleon-pion vertex function (e.g.) is given by 



ra 



9i 



(A5) 
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and the corresponding electromagnetic vertices are 



+ 



9i 



93 



+ 



i-q^g'"^ + q'^q"):^ + (q'Y - q^v ■ qh'" 



2 11 u 



(A6) 



Here p is the four-momentum of the resonance and q is that of the meson. Index a belongs 
to the spin- 1 spinor and /i to photon. Interesting property of these vertices is that the 
product, p-F = 0, where F defines the vertices on the left hand side of Eqs. (A. 5) and (A. 6). 
As a consequence, the spin-^ part of the corresponding propagator becomes redundant as 
its every term is proportional to either or p^. Thus only spin-| part of this propagator 
gives rise to non-vanishing matrix elements. 
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